Abstract-In multiple-input multiple-output (MIMO) systems adopting space shift keying (SSK), the use of adaptive precoder on transmitter offers the opportunity to improve its performance significantly. One major challenge in precoder operation is the difficulty in obtaining the full channel state information on transmitter (CSIT). In this work, we investigate the precoder design for SSK-MIMO systems with limited feedback through using the codebook for the precoding. We formulate a distortion metric to evaluate the quality of a codebook based on the maximum minimum Euclidean distance criterion and propose a codebook design criterion accordingly. Two effective codebook design algorithms are proposed based on thorough analysis of the criterion. Simulation results show the performance improvement of the proposed codebook-based precoding, and also support our analyses on the codebook design.
I. INTRODUCTION
Recently, spatial modulation (SM) [1] transmission scheme in multiple-input multiple-output (MIMO) systems has drawn substantial attentions [2] [3] . The SM-MIMO systems exploiting both spatial dimension and amplitude and phase modulation (APM) to convey information bits differ from the conventional approach which uses only APM to convey information. Port modulation [4] [5] has been proposed via combining the concepts of antenna virtualization and spatial modulation. Compared with conventional MIMO systems, SM-MIMO systems require fewer RF chains for the transmission. Therefore the cost of the transceiver can be reduced. Furthermore, the fewer number of RF chains reduces the energy consumption of the transmitter since the RF chains are among the most energy-consuming components within the transmitter [3] , [6] [7] . Therefore SM-MIMO systems can provide much better energy efficiency. These two advantages lead to the wide discussions on the SM-MIMO systems.
In [4] , the analysis has shown that SM-MIMO systems cannot incur transmit diversity gain without the precoding based on the instantaneous channel state information or space-time structure. To eliminate the limitation, several investigations on the adaptive precoder have been proposed. Generally, the This work was supported in part by the Aiming for the Top University and Elite Research Center Development Plan, the MediaTek research center, and Ministry of Science and Technology grant NSC 101-2221-E-009V093-MY2 at National Chiao Tung University; and by Ministry of Science and Technology grants NSC 102-2221-E-001-006-MY2, 102-2221-E-002-075-MY2, 102-2622-E-001-001-CC3, and 103-3113-E-110-002 in Academia Sinica. best methodology to design precoder is to exploit the full channel state information (CSI) as in [8] [9] [10] . However, in the frequency-division duplexing (FDD) system, the acquisition of CSI on transmitters (CSIT) requires feedback from receivers. Furthermore the acquisition for the full knowledge of CSI on transmitters requires a feedback channel with infinite rate which is generally impractical. To deal with this problem, the well-known solution is the use of the codebook-based precoding [11] . The idea of the codebook-based precoding is to precode the signals with precoders predefined in a codebook known by both the transmitter and the receiver. At each transmission, the receiver selects the best precoder according to the instantaneous channel state. Since each precoder in the codebook has its own index, the receiver can notify the transmitter of the selected precoder via the feedback of the index corresponding to the selected precoder. Therefore, the limited-rate feedback channels are sufficient for codebookbased precoding. Furthermore, the precoder can be altered according to the instantaneous channel state as well.
With the use of codebook-based precoding for SM-MIMO systems, the challenge on codebook design rises naturally. In this work, our focus is on the investigation of the optimal codebook design for systems using space shift keying (SSK) [12] which is the simplified version of SM that uses only spatial dimension to convey information. We first elaborate a distortion metric to define the quality of a given codebook based on the maximum minimum Euclidean distance criterion. Then a codebook design criterion is proposed according to the distortion metric. Since the proposed criterion is complicated mathematically, we analyze and simplify the criterion. Based on the analyses and simplifications, two codebook design algorithms are proposed. The first algorithm is to select the suitable codewords (precoders) from a randomly generated candidate pool to construct the codebook. The second algorithm is proposed based on the observation that the criterion can be further simplified when the channel is independent and identically distributed (i.i.d.) Rayleigh fading. In this case, the design problem would be equivalent to the Grassmannian line packings problem [13] [14] . Therefore, the DFT-based codebook would be reasonably effective when the codebook size is not greater than the number of transmit antennas. Finally, we exploit the numerical results to evaluate the performance of proposed algorithms and discuss some insights accordingly. As the final remark, although the proposed design criterion is not restricted to specific MIMO fading channels, the proposed design algorithms focus on the i.i.d. Rayleigh fading channels.
The remainder of this paper is organized as follows. In Section II, the system and signal models of SSK-MIMO systems with limited-rate feedback are elaborated. The distortion metric, codebook design criterion, and codebook design algorithms are proposed and elaborated in Section III. Numerical results and related discussions are provided in Section IV. Finally, Conclusions and References are given.
Notations: x ∈ C M ×1 and X ∈ C M ×N represent an complex M × 1 vector and a complex M × N complex matrix respectively. (X) kl represents the element of the kth row and the lth column of X. x H and x represent the conjugate transpose and the norm of x. x ∼ CN (0, σ 2 I) is denoted as the vector with entries being i.i.d. complex Gaussian random variables with zero mean and variance σ 2 .
II. SYSTEM AND SIGNAL MODELS

A. System and Signal Model of SSK-MIMO Systems
A MIMO system with SSK and the precoding process is considered. In an SSK-MIMO system, the information bits are conveyed via spatial constellation, which means the information bits are conveyed via activating different antenna indices; in other words, the activated antenna set depends on the information bits. For example, in an SSK-MIMO transmitter with two antennas, the indices of the transmit antennas include antenna 0 and antenna 1. To convey information bit "0", the antenna 0 would be activated. On the contrary, the antenna 1 is activated as the information bit "1" is to be transmitted. In a SSK-MIMO system with N t transmit antennas, N r receive antennas, and flat-fading MIMO channels, the signal model is given by y = Hx + n,
where y ∈ C Nr×1 is the received signal, H ∈ C Nt×Nt is the channel matrix, x ∈ C Nt×1 is the transmitted signal, and n ∈ C Nr×1 ∼ CN (0, N 0 I) is the white Gaussian noise. Since the the precoding is considered, the transmitted signal is further given by x = p n e n , where e n is the nth transmitted symbol of SSK chosen according to log 2 (N t ) information bits, given by
and p n is the precoding weight of the nth transmitted symbol. By stacking the precoding weights into a vector, the precoder is then expressed as
In this work, we consider correlated Rayleigh fading channels using the Kronecker model. Therefore the channel matrix is given by
where H w ∈ C Nr×Nt is the i.i.d. Rayleigh fading channel matrix with variance of each element being σ 2 r ; R t ∈ C Nt×Nt and R r ∈ C Nr×Nr are the spatial correlation matrix for transmitter and receiver, respectively. 
B. Precoding of SSK-MIMO Systems with Limited Feedback
Consider a predefined codebook F known at both the transmitter and the receiver which comprises M = 2 B precoders given by F = {p 1 , ..., p M }, where p i is the ith precoder of F satisfying the power constraint p i 2 = P t and B is the number of information bits fed back from the receivers. Assume the ideal channel estimation at receivers. With the maximum minimum Euclidean distance criterion, the receiver selects the best precoder
from the codebook and feeds back the index of the selected precoder p s . By the index from the feedback channel, the transmitter can be aware of the selected precoder and use the selected precoding weights to precode the transmitted signal. Therefore, the precoding can be implemented with only limited rate of the feedback channel. The described system is depicted by a block diagram in Fig. 1 .
III. CODEBOOK DESIGN OF SSK-MIMO SYSTEMS
In this section, we first elaborate the codebook design criterion and then propose two codebook design algorithms.
A. Codebook Design Criterion
Obviously, the predefined codebook would highly affect the performance of the codebook-based precoding. Therefore, the design of an appropriate codebook F in order to optimize the system performance is a challenge. Here we will introduce our perspective on the quality of a codebook and then form the codebook design criterion. According to the maximum minimum Euclidean distance criterion, the best precoder for a channel realization is given by solving
Define a subspace Ω as Ω = {p : p 2 = P t }. We can observe that the solution space of (5) is exactly Ω. Furthermore, the precoders of the codebook F must belong to Ω. Therefore we focus on the subspace Ω for codebook design without loss of optimality.
According to (5) , the maximal minimum Euclidean distance of the best precoder is given by
Similarly, the best precoder selected from the codebook F gives
Therefore, we can define the distortion metric of F given by
To quantify the quality of the codebook, we use the average distortion metric, given by
The average distortion metric indicates what the degree of the degradation is compared with the optimal precoder designed with knowledge of full CSIT when we always use the precoder selected from the codebook F in the statistical sense. Therefore, the goal is to design codebook that minimizes the average distortion metric. This would directly lead to the minimization on the degradation due to the limitation of the rate of the feedback channel. Observing (9) and (6), we can find that E H {d opt (H)} is independent of the codebook F, i.e., the design of the codebook does not affect the value of E H {d opt (H)}. As the result, the minimization of the average distortion metric is equivalent to the maximization of E H {d s (H)}. With (7), the codebook design criterion is then given by
(10) Solving (10) is to search for the codebook that provides the best average maximum minimum Euclidean distance. Therefore, (10) is named as the maximum average codebook distance (MACD) criterion.
B. Proposed Random Vector Selection Algorithm
Generally, the MACD criterion is analytically intractable. To design the codebook in the direction of MACD criterion, we start the analysis from the simplest codebook, i.e., the codebook size M = 1. In the case of M = 1, MACD criterion degenerates into a simpler form as
This is due to that the selection of the precoder is omitted when M = 1. Since (11) is still intractable, we alternatively use
The use of (12) 
Interestingly, (13) is exactly identical to the codebook selection criterion given in [4] , although our derivations are completely different. This supports the correctness of the alternative use of (12).
To solve (13), the well-developed techniques in optimization area can be adopted since it is a typical non-convex optimization problem. However, our goal is to design the codebook with M ≥ 1. Although solving (13) cannot directly lead to the design of codebook with M > 1, it can actually provide some insights in the solving process. Generally, (13) implies that the optimal solution gives the best precoder if M = 1. However, the local optima of (13) could be an appropriate solution as well although they may not be the best. Therefore the local optima can be regarded as appropriate candidates if we want to expand the codebook to M > 1.
To design a codebook with codebook size M , we intend to find the best M local optima of (13) . However, in the case of insufficient local optima, i.e., the number of local optima is smaller than M , the solutions neighboring the local optima should be used in addition to those local optima. This is to provide a finer quantization around the local optima. Based on the above analyses, the codebook can be designed as follows. Numbers of candidates are first generated within the space Ω to form a candidate pool. Then the best M solutions are selected according to (13) from the pool to construct the codebook. Note that the selected solutions cannot be too close to each other. If this happens, discard the worst one that leads to this phenomenon and reselect one from the pool. The selection process would construct the codebook while pursuing the design goal, and is expected to generate an appropriate codebook.
C. Proposed DFT-Based Design Algorithm
By expanding (13) , it can be equivalently written as
where ρ ij = (R t ) ij . Consider i.i.d. Rayleigh fading channels. (14) would degenerate as
Observing (15), the optimal solutions would be all the p such that
The proof is given as follows. Consider an arbitrary p ∈ Ω that does not satisfy (16). p must have a p i with |p i | 2 < Pt Nt . Since p i has to pair with all the precoding weight excluding itself, there must exist a pair such that
Nt . This implies that p is a worse solution in (15) compared with those satisfying (16). The above completes the proof.
From (16), we can know that the number of optimal solutions is infinite. Based on the rationale described in Section III-B, our goal is to construct the codebook using those optimal solutions satisfying (16). This directly benefits the design process since the solution space is further reduced. Furthermore, since all the optimal solutions satisfying (16) are equivalent for (15) , finding the best M local optima of (15) is generally identical to arbitrarily finding M solutions satisfying (16). Therefore the remaining issue is on the optimization of the distribution of the codewords over Ω. Intuitively, the usage rates (the rate that a codeword being selected) for the codewords of the desired codebook should be as identical as possible. This simply means that the probability of the codewords to be selected should be as equal as possible with the given statistics of the channel. Since the channel is i.i.d. Rayleigh fading, the optimal precoder with knowledge of full CSIT is expected to be uniformly distributed, i.e., the distribution for the optimal solutions of (5) is expected to be uniform. Therefore the optimal distribution of the codewords should be uniform as well to provide a balanced usage rate. Generally, the design for the uniformly distributed codewords can be achieved by separating the minimal distance between codewords as much as possible. According to [13] , the distance between codewords can be defined as
As the result, we tend to design the codebook via solving the optimization problem given by
To search for the optimal solution of (18), the searching algorithms should be discussed for two different cases. As for N t ≥ M , the solution of (18) can be given by the arbitrary M different columns of a Discrete Fourier Transform (DFT) matrix. As for N t < M , (18) is exactly the Grassmannian line packings problem [13] [14] with additional equal norm constraint on the entries of codewords. A potential construction can be found in [15] . It is noted that the Grassmannian line packings problem is generally challenging, and therefore the construction of the optimal codebook requires further investigation in the future.
IV. NUMERICAL RESULTS
In this section, the performance of proposed codebook design algorithms is evaluated. Furthermore, the results are elaborated to support the analyses in Section-III. We evaluate the bit error rate (BER) performance of the proposed codebook design algorithms in i.i.d. Rayleigh fading channels. The signal-to-noise power ratio (SNR) in the simulations is defined as P t σ 2 r /N 0 . Fig. 2 and Fig. 3 show the BER performance of proposed algorithms in MIMO system with N t = 16 and N t = 32, respectively and MIMO systems are equipped with two receive antennas, i.e., N r = 2. For each figure, the solid line "-" represents the codebook with size M = 4 and the dash line "--" shows the performance of the codebook with size M = 16. For random vector selection algorithm, 100000 candidates are randomly generated to construct the candidate pool. For the DFT-based design, the codebook is given by p i = √ P t w i , where w i is the ith column of the DFT matrix. Note that N t ≥ M in both Fig. 2 and Fig. 3 . In order to actually show the performance of precoding, the maximum likelihood detector is used.
In Fig. 2 , the proposed algorithms are compared with non-precoded SSK and significant performance improvement can be observed for both algorithms even when the codebook size is small. Besides, the increase of the codebook size indeed improves the performance. This shows that the proposed algorithms are well-behaved. Furthermore, it also indicates the trade-off between the codebook size and the performance improvement. This implies that the system should trade off between the performance improvement and the rate of feedback channels. In Fig. 3 , significant performance improvement can be generally observed compared with nonprecoded SSK except for the low SNR regime of the proposed random vector selection algorithm. The exception is due to that the maximum minimum Euclidean distance criterion is less dominant for BER at low SNR regime. As in Fig. 2 , there is a trade-off between codebook size and performance gain in Fig. 3 as well. Comparing random vector selection algorithm with DFT-based algorithm in both Fig. 2 and Fig.  3 , it is obvious that the DFT-based design outperforms the random vector selection algorithm. Actually, the random vector selection algorithm can be viewed as an simple benchmark to show the effectiveness of the codebook-based precoding, i.e., the performance can be significantly improved even with such heuristic design. As the final remark, better diversity gain can be observed in codebook-based precoding. This shows that the codebook-based precoding can provide transmit diversity gain with limited-rate feedback. Fig. 4 and Fig. 5 demonstrate the usage rate of the pre- coders of the designed codebooks. The systems in Fig. 4 and Fig. 5 are equipped with N t = 16 and N t = 32, respectively. Besides, both figures adopt SSK-MIMO systems with N r = 2 and codebook with M = 16. Generally, the usage rates of precoders should be as equal as possible for the codebook to provide better performance. For Fig. 4 , the usage rates of the precoders of the DFT-based codebook are quite balanced. On the contrary, the usage rates of the precoders for the codebook designed by the random vector selection algorithm are generally imbalanced. This observation corresponds to the fact that the DFT-based design algorithm outperforms the random vector selection algorithm, and shows the effectiveness of proposed DFT-based design algorithm. Besides, the balanced usage rates of the DFT-based codebook support the assumption that the optimal precoders are uniformly distributed in Ω empirically. As for Fig. 5 , similar results to Fig. 4 can be observed.
V. CONCLUSIONS
In this work, we investigate the precoder design in SSK-MIMO systems with limited-rate feedback channels. We elaborate a distortion metric for the selection of the codebook and propose a codebook design criterion based on the metric. With simplifications and thorough analysis of the proposed criterion, two codebook design algorithms are proposed to effectively design the codebook. Simulation results show that the proposed codebook-based precoding can provide significant improvement with only small amount of feedback required. Furthermore transmit diversity gain can be observed empirically with the use of the proposed codebook-based precoding. Generally, larger codebook size can provide higher performance improvement and this indicates the trade-off between performance improvement and rate of feedback channels. Finally, the simulations for usage rates show the effectiveness of proposed codebook design algorithms and support the theoretical analyses.
